The recent discovery of a Higgs-like boson at the LHC with a mass of 126 GeV has revived the interest in supersymmetric models, which predicted a Higgs boson mass below 130 GeV long before its discovery. We compare systematically the allowed parameter space in the constrained Minimal Supersymmetric Standard Model (CMSSM) and the Next-to-Minimal Supersymmetric Model (NMSSM) by minimizing the χ 2 function with respect to all known constraints from accelerators and cosmology using GUT scale parameters. For the CMSSM the Higgs boson mass at tree level is below the Z 0 boson mass and large radiative corrections are needed to obtain a Higgs boson mass of 126 GeV, which requires stop squark masses in the multi-TeV range. In contrast, for the NMSSM light stop quarks are allowed, since in the NMSSM at tree level the Higgs boson mass can be above the Z 0 boson mass from mixing with the additional singlet Higgs boson. Predictions for the scalar boson masses are given in both models with emphasis on the unique signatures of the NMSSM, where the heaviest scalar Higgs boson decays in the two lighter scalar Higgs bosons with a significant branching ratio, in which case one should observe double Higgs boson production at the LHC. Such a signal is strongly suppressed in the CMSSM. In addition, since the LSP is higgsino-like, Higgs boson decays into LSPs can be appreciable, thus leading to invisible Higgs decays.
Introduction
The discovery of a 126 GeV Higgs boson [1, 2] is exciting for several reasons: i) Its branching ratios to the electroweak gauge bosons and hence its interactions with them are in agreement with the prediction from the Higgs mechanism, that this interaction is proportional to the gauge boson masses. ii) In the SM electroweak symmetry breaking (EWSB) is introduced ad hoc and the Higgs boson mass is not predicted, so it could have any value between the electroweak scale and the TeV scale. However, in the supersymmetric extension of the SM (SUSY) EWSB is predicted (by radiative corrections) and the mass of the lightest Higgs boson is predicted to be below 130 GeV, as observed. This may be the strongest hint for SUSY in spite of the fact that the predicted supersymmetric particles have not been discovered so far.
Additional hints for SUSY are the unification of gauge and Yukawa couplings at a large scale, the GUT scale as expected in Grand Unified Theories, the absence of quadratic divergencies to the Higgs boson mass, and the prediction of a dark matter particle with a correct relic density, see reviews, e.g. [3] [4] [5] [6] [7] . However, also a few problems exist. First of all, at tree level the Higgs boson mass is predicted to be below the Z 0 -mass in the CMSSM and to obtain a mass of 126 GeV requires large radiative corrections from stop loops, which are required to be in the multi-TeV range and/or fine-tuned maximal mixing in the stop sector.
Alternatively, one can consider the NMSSM, which has attracted much attention in the last year , since it has additional contributions at tree level from the mixing with a Higgs singlet, so it does not need large radiative corrections from heavy stop quarks. The Higgs singlet was introduced long before in many models and it provides a solution to the so-called µ-problem, see e.g. Refs. [39, 40] .
In this Letter we compare the predictions of the CMSSM and NMSSM in the whole parameter space by optimizing the GUT scale parameters (4 in the CMSSM, 9 in the NMSSM) using all constraints from accelerators and cosmology (assuming the LSP forms the dark matter). Studies in a similar direction [13] considered less free parameters implying more tight GUT scale relations in the Higgs sector. Relaxing these constraints allows for a significantly larger region of parameter space, especially the specific NMSSM radiative corrections [41] , which lower the Higgs boson mass by up to 3 GeV, can be applied without a severe restriction on the parameter space.
Another comparison has been done in Ref. [25] , albeit without GUT scale relations in that case, so the masses are defined at the TeV scale. We study the restricted parameter space from GUT scale scenarios, since these allow to use the full radiative corrections to SUSY masses and couplings. In case the SUSY masses are defined at a low scale, the radiative corrections are only integrated between the low scale and the actual mass, which in practice means the masses are close to the tree level masses, thus effectively eliminating radiative corrections. In addition, with low scale definitions one ignores the fixed point solutions of the couplings, see Ref. [42] and references therein. These fixed point solutions do not allow maximal mixing in the stop sector, which implies a low value for the lightest Higgs, thus requiring multi-TeV stop masses in the CMSSM for a 126 GeV Higgs boson. Still large differences are found in the restricted parameter space from GUT scale defined scenarios between the CMSSM and NMSSM, which are the key to distinguish between the models in case more Higgs bosons will be found.
The NMSSM
The Higgs fields of the NMSSM consist of the usual two Higgs doublets together with an additional complex Higgs singlet S:
The additional parameters in the NMSSM originate from the additional couplings with the singlet. These additional terms are usually written as [39] :
Here W F is the superpotential of the MSSM without the µ term, the dimensionless parameters λ and κ are the coefficients of the Higgs self couplings, andm u ,m d ,m S , A λ and A κ are the soft-breaking parameters. After electroweak symmetry breaking the three soft breaking masses squared for H u , H d and S can be expressed in terms of their vevs (i.e. v u , v d and s) through the minimization conditions of the scalar potential. We assume all parameters to be real for the present study. In addition, we have the standard GUT scale parameters of the CMSSM, i.e. m 0 , m 1/2 and the trilinear couplings A t , A b and A τ . The latter ones are taken to be unified at the GUT scale to A 0 , so in total we have nine free parameters:
In the CP-conserving NMSSM, the neutral components from the three Higgs doublets (S i ) mix to form three physical CP-even Higgs bosons, and P 1 and P 2 mix to form two physical CP-odd Higgs bosons.
Under the basis (S 1 , S 2 , S 3 ), the elements of the mass matrix for S i fields at tree level are given by [39] :
where M 2 22 is nothing but m 2 h at tree level without considering the mixing among S i , and its second term λ 2 v 2 sin 2 2β originates from the coupling λĤ u ·Ĥ dŜ in Eq. 2. In the mixing matrix
which is called M A , since in the expression for M 2 11 it corresponds to the pseudo-scalar Higgs boson mass in the MSSM limit of small λ. M 
Benchmark scenarios with a SM-like Higgs boson
As discussed in the introduction, finding additional Higgs bosons would be the key to prove physics beyond the SM and the properties of heavier Higgs bosons could distinguish between the CMSSM and NMSSM. In the CMSSM the stop mass has to be heavy enough to provide a mass of 126 GeV for the lightest Higgs mass. The decay properties of the heavier Higgs boson depend on the masses, since new channels might open up. Furthermore, in the NMSSM one has three Higgs boson masses, so one has a choice to define which Higgs boson should have a mass of 126 GeV, the lightest one or second lightest one. In addition, the relatively large values of the λ and κ parameters of the Higgs self couplings allow for large branching ratios of the heaviest Higgs into the two lighter Higgses. Such couplings are absent in the CMSSM. In addition, the LSP is bino-like in the CMSSM, but turns out to have a large Higgsino component in the NMSSM. This leads to sizeable decays into gauginos (including LSPs) in the NMSSM, but these decay modes are practically absent in the CMSSM. To study these features, we have defined for the different plots, indicated as benchmark points BMP I-III, are given in Table 1 . The corresponding SUSY masses are given in Table 2 and the Higgs masses with the branching fractions in Tables 3 and 4 . The branching fractions depend on the masses and mixings and will be discussed later. In the NMSSM either the lightest Higgs boson (by definition m H 1 ) or the second lightest m H 2 can be 126 GeV with SM-like couplings. These couplings were required to be within 10% equal to the SM couplings. Possible deviations from the SM couplings can be obtained by different mixings in the Higgs sector, as will be discussed below. To obtain a significant contribution to the Higgs boson mass at tree level from the mixing -thus preventing multi-TeV stop masses -the masses m H 1 and m H 2 have to be rather close, so one expects in the NMSSM a second Higgs boson either below or above 126 GeV, as is apparent from Fig. 1 for the different benchmark points BMP I-III. In the maximum (minimum) of H 1 (H 2 ) the mixing is minimal and away from these extremes the mixing increases, thus lowering one Higgs mass and increasing the other. In BMP I and II H 2 has SM-like couplings, while in BMP III H 1 has SM-like couplings, i.e. the reduced couplings, defined as the Fig. 3 ).
In addition the lightest neutralino has a large singlino component, which leads to large branching ratios of A 2 into Z + H 1 and H 1 + H 1 (via the λ couplings in Eq. 2) and appreciable decays into neutralinos for this BMP with small µ ef f , which implies low masses for the LSPs (A 1 decays nearly 100% into LSPs). This leads to signatures with large missing energy for Higgs decays in the NMSSM. The cross section represents the Higgs production cross section at 8 TeV for the dominant gluon-gluon fusion process.
ratio of the Higgs couplings to SM couplings, are close to 1, so the SM-like Higgs can either decrease or increase by the mixing, depending on which side one is from the maximum (minimum) of H 1 (H 2 ) in Fig. 1 (shift-down or shift-up, respectively). The Higgs mixings and the reduced couplings for the BMPs are shown in Table 5 . The corresponding SUSY parameters and Higgs masses have been shown before in Tables 1 and 3 Table 3 . This is not possible for a light A 1 , which decays into b-quarks. The heavier masses for H 3 and A 2 change the branching fractions compared to Table 3 , because tt becomes kinematically allowed. As in the previous table, the cross section corresponds to the Higgs production cross section at 8 TeV for the dominant gluon-gluon fusion process.
GeV. In BMP III the roles of H 1 and H 2 are interchanged, but their masses are close (126 and 129 GeV, respectively, see Table 4 ). Note that H 1 and H 2 have quite different reduced couplings, so deviations from SM couplings, like a different value for BR(H 2 → γγ), are readily obtained by changing the mixing, i.e. moving further away from the maxima in the H 1 curves in Fig.  1 . The three benchmark points yield similar χ 2 values for the fits discussed below, but have different mass predictions for the remaining Higgs bosons besides the 126 GeV Higgs boson, as was shown in Tables 3 and 4 before. Especially, in the CMSSM the heavier Higgs masses are all around 2.2 TeV, which is a consequence of the heavy stop mass required to be well above 3
Higgs mixing [%]
Reduced couplings TeV for a SM-like Higgs boson of 126 GeV. In the NMSSM no heavy stop masses are required, so the heavy Higgs masses can be as low as about 280 GeV, but large values are allowed as well, as shown by the difference between BMP I and II or III in Fig. 1 . However, heavy Higgs masses can only be obtained by a careful finetuning of large values of A κ , A λ and A 0 , which allows to increase the values of µ ef f and thus the mass of H 3 , as can be seen from Eq. 6. It is especially important to have opposite signs for A 0 and A κ , A λ in order to get large values of m H 3 . The value of µ ef f is determined by the vev of the singlet, so it is independent of m 0 and m 1/2 in contrast to the CMSSM, where the µ parameter is effectively proportional to m 1/2 after EWSB is imposed. The heavy H 3 scenarios are possible, but will require high luminosity, because of the small cross sections (proportional to 1/m
), as can be seen from the production cross section in Table 3 (Table 1) and a correspondingly lighter A 1 boson. In this case the decays into two b-quarks and τ -leptons prevail, as indicated in Table 4 . In case of heavy H 3 scenarios the tt decay modes are allowed and the decays of heavier into lighter Higgs bosons or LSPs decreases, as shown in Table 4 .
Experimental Constraints and Fitting Method
Instead of concentrating on a few benchmark points we combine the data on the observed Higgs boson with a mass of 126 GeV with all cosmological and other accelerator constraints by minimizing the χ 2 function for each pair of m 0 , m 1/2 in a lattice of these variables, so for each set of SUSY masses only the couplings have to be optimized. The couplings for each lattice point can be fitted independently, so the problem can be parallelized and solved fast on a cluster of parallel processors. Details and values of the experimental constraints have been discussed previously in Ref. [43] , which we call Paper I. Here only the CMSSM was considered. Concerning the experimental constraints we have replaced the upper limit on the branching ratio B 0 s → µ + µ − with the recently observed values given in Ref. [44, 45] , which have a significance of more than 4σ for each experiment and are consistent with the SM values. Since the SUSY contributions to this branching ratio are proportional to tanNMSSM, since here small values of tan β are needed (see Fig. 3 afterwards) . An updated value for the relic density from the recent Planck data has been used [46] . As in Paper I we use the multi-step fitting technique, which means that one first fits the most important couplings, in this case λ, κ and tan β. All other parameters are optimized in a second step and the whole procedure is used iteratively, i.e. the best output values of a fit are used as input for the next iteration. This multi-step fitting technique usually finds larger allowed regions than Markov Chains or other scanning techniques, since in case of strongly correlated parameters it is hard to find the allowed regions, unless one uses a correlation matrix during the scanning, which tells if parameter i moves to a certain value, all other correlated parameters should move to specific values as well. Since this matrix is not know explicitly, it is not used in Markov Chains. However, in the multi-step fitting technique all correlations are calculated during the minimization by using Minuit as minimizer [47] . All observables were calculated with the public code NMSSMTools [48] . It has the option to define the mass parameters either at the GUT scale or the electroweak scale. It has an interface to micrOmegas [49, 50] to calculate the relic density. Observables sensitive to SUSY contributions, like g-2, B 0 s → µ + µ − , and b → X s γ are calculated in NMSSMTools as well and Higgs boson properties are calculated inside NMSSMTools with an extended version of HDECAY [51] to include the NMSSM specific radiative corrections from Ref.
[41].
Fit results
As mentioned above the couplings are fitted for a lattice in the m 0 , m 1/2 plane and the most sensitive couplings λ, κ and tan β are fitted first. These couplings are largely determined by the Higgs boson mass and relic density, if one leaves all other parameters fixed, as shown in Fig. 2 , top row. However, if all other parameters are left free in a next step, much larger regions are allowed, as shown in the bottom row. This allowed region changes again, if all constraints are included.
Such fits can be repeated for each value of m 0 and m 1/2 and from the fitted couplings all other observables can be calculated in the m 0 ,m 1/2 plane. They will be compared for the CMSSM and NMSSM. We start with tan β in Fig. 3 . One observes that in the CMSSM large values of tan β are preferred in most of the plane. This originates from the relic density constraint, as discussed in Paper I. In contrast, within the NMSSM low values of tan β are preferred, as shown in the right panel of Fig. 3 . In the NMSSM the LSP is largely higgsino-like and the correct relic density, or equivalently the annihilation cross section, can be obtained by adjusting the Higgsino content via the mixing with the singlino, so one has more freedom than in the CMSSM and the constraints from the relic density and direct dark matter searches can be easily met.
The SUSY masses excluded by the LHC and cosmological limits are shown for the CMSSM and NMSSM in Fig. 4 . In both cases the excluded region (white) is dominated by the limits from the direct SUSY searches at the LHC. For the CMSSM the large tan β value of Fig. 3 contributions from the XENON100 limits, pseudo-scalar Higgs boson limits and B 0 s → µ + µ − observations. The latter two observables are proportional to tan 2 β and tan 6 β, respectively. Details for the origin of these exclusions have been given in Paper I. As mentioned in the introduction, a 126 GeV Higgs boson mass can only be reached for heavy stop masses, especially if one allows for the trilinear couplings the restricted range of the fixed point solutions from the RGEs, which do not allow maximal mixing in the stop sector. The excluded region depends than strongly on the assumed error in the Higgs boson mass, which is dominated by the theoretical uncertainty. For the optimized parameters in each point of the m 0 -m 1/2 plane one can calculate the Higgs boson masses and their branching ratios. The heaviest scalar and pseudo-scalar Higgs bosons are nearly mass degenerate in both models, but in the CMSSM these masses increase with m 1/2 to fulfill the relic density constraint (see Paper I), but in the NMSSM the LSP is largely a Higgsino and through its mixing with the singlino the relic density and nucleon scattering cross section the experimental constraints can be easily 
Limits on Higgs boson masses
Masses of the heaviest Higgs boson depend on the chosen trilinear couplings, see Table 1 and Table 3 ,4. Therefore no upper limit on m H 3 can be found, if trilinear couplings in the multi-TeV range are allowed. Only a lower limit of around 280 GeV for m H 3 can be obtained from the lower limit on the chargino mass, which provides a lower limit on µ ef f . For scenarios, where the second lightest Higgs boson has a mass of 126 GeV, one observes the lightest Higgs boson to be in the range of a few GeV to 126 GeV. However, if one assumes the relic density is provided by the LSP, the lower limit increases to about 60 GeV, since else the relic density becomes too small, as can be seen from the color code in the left plot in Fig. 6 . For H 1 masses below about 
Summary
In this Letter we have compared the CMSSM with the NMSSM. A Higgs boson of 126 GeV requires stop masses well above 3 TeV in the CMSSM, if the trilinear couplings are defined at the GUT scale, which leads to large radiative corrections with fixed point solutions at the electroweak scale. Such fixed point solutions do not allow maximal mixing in the stop sector independent of the GUT scale scenario, which leads to the multi-TeV stop masses. In the NMSSM the Higgs mass gets corrections at tree level from the mixing with the additional singlet, so the stop masses are not required to be heavy to provide large radiative corrections.
We use NMSSMTools to compare data with theory, taking into account the full 1-loop corrections in the NMSSM with additional 2-loop corrections [41] . These corrections lower the Higgs boson mass by several GeV, so it is important to include them. In practice, it means that one cannot reach the 126 GeV Higgs boson mass anymore with the CMSSM-like portion of the NMSSM parameter space, i.e. small couplings of λ and κ. Instead, one has to resort to the full 9-dimensional parameter space of the NMSSM, which becomes challenging. Using the multi-step fitting technique of Paper I the strong correlations between the parameters are taken into account and the full parameter space is sampled efficiently. The additional NMSSM couplings in the Higgs sector are rather well constrained by the observed Higgs boson mass of 126 GeV in combination with the relic density (Fig. 2) , which determine the ratio of vevs of the Higgs doublets and lead to large values of tan β in the CMSSM (≈ 50 in most of the parameter space) and small values of tan β in the order of a few in the NMSSM (Fig. 3) . One of the two lightest neutral scalar Higgs bosons of the NMSSM is SM-like, while the other one is singlet-like with small reduced couplings, so deviations of the couplings from the SM for the 126 GeV are easily obtained by changing the mixing and hence the mass splitting between the two lightest Higgs bosons.
We find that the excluded SUSY mass parameter region in the m 0 , m 1/2 plane is dominated by the Higgs boson mass for the CMSSM because of the required multi-TeV stop masses, while in the NMSSM the excluded region is determined by the LHC SUSY searches only (Fig. 4) . The dark matter constraints in the NMSSM are easily fulfilled because of the large Higgsino component of the LSP, which can be changed by varying the mixing in the Higgs sector. The large triple Higgs couplings in the NMSSM lead to very different Higgs boson decays: in the CMSSM the heavier Higgs boson couples preferentially to d-type fermions, while in the NMSSM the dominant decay modes are the lighter Higgs bosons and gauginos with a significant Higgsino component. So the unique NMSSM search signatures at the LHC are the double Higgs boson production, i.e. two Higgs bosons in a single event, one of them having a mass of 126 GeV and a second Higgs boson below or above 126 GeV. In addition, since the LSP is higgsino-like, Higgs boson decays into LSPs can be appreciable, thus leading to invisible Higgs decays.
